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Abstract
Many mass- wasting studies have been conducted worldwide, however,
investigations have focused in mountainous or coastal regions. This has proven
problematic in areas lacking those features yet are experiencing mass wasting. Several
anthropogenic risks, economic loss, and environmental issues are associated with mass
wasting such as destruction of property, loss of life, and sediment pollution. The
midwestern USA, is generally considered a low relief region, therefore limited data exist
for mass wasting occurrence. Within the last decade, however, several events have
occurred across Minnesota with little understanding of the ongoing hillslope processes
leading to failure. The Minnesota River valley is an evolving landscape adjusting postglaciation. Glacial outburst floods created unstable, high relief valley walls working
towards an equilibrium state by means of slope failure. Therefore, this thesis focuses on
investigating and assessing mass wasting for a case study area within the Minnesota
River valley, Minnesota, USA.
A combination of archival research, field collection, and remotely sensed data
analysis was used to record and map mass-wasting sites and characteristics of each
failure. Archival research included aerial imagery, historical documentation, and personal
meetings with locals to gather previously documented mass wasting. Field collection and
remotely sensed data were used to catalogue characteristics and map mass wasting
features for better spatial, temporal, qualitative, and quantitative data availability.
Over 1,500 mass-wasting sites were identified within the Minnesota River valley.
Slides, falls, flows, topples, and fail zones (complex) were recorded to have occurred in

v
the study area. Failures were found along the valley marginal walls and in marginal and
tributary ravines. Statistical analysis was conducted to assess any influential relationships
between failure and key characteristics. It was found that slopes between 20-45 degrees
were most likely to fail. The most prominent geologic substrates involved in mass
wasting were glacial tills and Cambrian Jordan Sandstone. Overall, mass wasting is
common throughout the study area and plays a significant role in valley evolution.
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Chapter 1: Literature Review
1.1 Clarification of terminology
For many years, landslide research has been conducted all across the world (Cluff,
1971; Koons, 1955; Lenart, 2016; Montgomery, 2001; Varnes, 1978; Varnes and Cruden,
1996; Wilkerson and Schmid, 2003). Communicating geohazards requires consistent
terminology; even the expression “landslide” can be misleading to a reader. The “slide”
portion of “landslide” can itself be used to describe a type of hillslope failure. It is,
therefore, inaccurate to use “landslide” to describe all failure movements (Shroder et al.,
2005). Alternatively, the terms “mass movements” or “mass wasting” encompass all
downslope movement of earth material in response to gravitational forces (Britannica,
2015). Thus, replacing “landslides” with “mass wasting” or “failures” avoids
miscommunication about processes being discussed, and these will be the terms used in
this study.

1.2 Regional Mass Wasting Studies
Mass wasting occurs both naturally and as a result of human activity. In the
instance of natural occurrence, failures would be considered natural disasters. Human
impact, on the other hand, adds risk and creates more immediate hazardous (Abbott,
2002). Areas impacted by failure vary depending on, but not limited to, factors such as
geologic substrate, slope angle, and vegetation. Mass wasting is a global occurrence,
creating economic, environment, and infrastructural issues (Záruba and Mencl, 1969).
The hillslope processes responsible for mass wasting are influenced by geologic history
and environmental setting. For example, large earthquake-induced rock falls in Peru will
behave differently from intense precipitation triggered debris flows in Slovenia (Cluff,
1971; Lenart, 2016). Although occurrence is not restricted to a particular environment,
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studies and publications are heavily focused in mountainous terrains (Dahal, 2012; Evans
et al., 2009; Fort et al., 2010; Guzzetti et al., 2000; Mauritsch et al., 2000; Petschko et al.,
2014; Reichenbach et al., 2014; Rosi et al., 2016; Wartman et al., 2016; Xu et al., 2012).
Studies in the United States have also focused on mountainous regions with the addition
of coastal zones (Castleton et al., 2016; Clarke and Burbank, 2010; Dade and Huppert,
1998; Douglass et al., 2005; Palmer, 2017; Wieczorek et al., 2008). Despite significant
evidence for mass wasting in the relatively flat Midwestern region of the United States,
the region currently lacks a detailed scientific investigation of these failures and their
potential hazards. Motivated by immediate risks and environmental concerns, I highlight
the widespread occurrence of mass wasting throughout a segment of the Minnesota River
valley (MNRV) and highlight the need for further study.

1.3 Growing Concern in the Midwest Region
Minnesota lies in the north central region of the Midwest. The elevation of the
state of Minnesota ranges from 183 meters at Lake Superior to 701 meters at Eagle
Mountain (Figure 1.1). Relief throughout the state is relatively low, with the exception of
the Minnesota, Mississippi, and St. Croix River valleys, and the North Shore region.
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Figure 1.1. 30-meter Digital Elevation Model (DEM) for Minnesota showing variation of
relief across the state, accessed through MN Geospatial Commons.
The confluence of the Minnesota and Mississippi Rivers is located in the
Minneapolis-St. Paul (Twin Cities) metropolitan area in east-central Minnesota. The
existing documented mass wasting events in Minnesota are primarily focused within the
Twin Cities area. In 2013, Lilydale Park, St. Paul experienced a bluff failure, resulting in
the deaths of two children (Gottfried, 2014). A year later in 2014, a mass-wasting failure
on the west bank of the Mississippi River, adjacent to the University of Minnesota
Medical Center, threatened the hospital’s power supply and oxygen tanks. Southwest of
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the Twin Cities, in the city of Henderson, a mudflow crashed into a home, destroying half
the house and burying the basement in muddy deposits (Figure 1.2) (Linehan, 2014).
These failures raise concern about community safety, infrastructure stability, and
sediment contribution into fluvial systems. However, there remains a lack of mapped
mass wasting and investigation in areas outside the Twin Cities.

Figure 1.2. Minnesota home near Henderson destroyed by a mudslide shortly following
intense precipitation in 2014 (Photo credit: Linehan, 2014).
The focus of my research is to properly assess the spatial, temporal, and
magnitude relationships of mass movements in the Minnesota River Valley (MNVR).
The majority of the MNRV is located southwest of the Twin Cities, in south-central
Minnesota. My specific goal is to examine the MNRV between the cities of New Ulm
and St. Peter, which include the urban areas of Mankato and North Mankato. New Ulm is
the western extent of the study area and St. Peter the northeastern extent. North Mankato
and Mankato are north and south, respectively, of the distinctive Minnesota River bend
(Figure 1.3 and 1.4).
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Figure 1.3. Spatial reference map showing location of the Twin Cities compared to the
southcentral Minnesota study area of New Ulm to St. Peter.
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Figure 1.4. Spatial reference of study area within the Minnesota River Basin and where it
is situated along the Minnesota River.
I chose to focus in this region of the state due its population and infrastructure
density. Many roads and houses are placed above, below, or adjacent to areas that are
actively failing. These communities could benefit from understanding both immediate
hazards and environmental issues such as sediment pollution associated with mass
wasting. Increasing awareness of occurrence, spatial extent, and potential damages could
lead to more informed prevention efforts. Simultaneously, anthropogenic modification of
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the landscape could be approached with more sensitivity and knowledge of areas
vulnerable to mass wasting.
In addition to the concern of impacts on humans, the Mankato region has been
identified as a main contributor of sediment into the Minnesota River Basin. The effects
of sediment inputs to the river systems from hillslopes in this area can be seen
downstream. For example, Lake Pepin has experienced increased rates of infilling that
have significantly shortened the life expectancy of the lake (Belmont et al., 2011;
Engstrom et al., 2009; Gran et al., 2013; Kessler et al., 2013). Sediment contribution
issues are complex, varying spatially and temporally.
The federal 1972 Clean Water Act established conditions for healthy river
assessment (Copeland, 2016). Throughout the following years, states have monitored
their rivers, lakes, and wetlands for pollution rates. Sediment contribution is a prominent
concern for the Minnesota River, as sediment pollution has reached levels severely
impacting water quality. The Minnesota River, first officially listed as impaired in 2008,
remained on the 2018 U.S. Environmental Protection Agency impairment list (MPCA,
2018). The key to assessing and understanding the sediment fluctuation within the
Minnesota River requires knowledge of where the sediment is coming from. Past and
ongoing research has designated Mankato and surrounding area to be a large contributor
of fine sediment (Belmont et al., 2011; Gran, 2011; Gran et al., 2013; Kelly et al., 2017;
Kessler et al., 2013; Mulla and Sekely, 2009; Schottler et al., 2014; Wilcock et al., 2009).
Research conducted on the Minnesota, Blue Earth, and Le Sueur Rivers identified bluffs
and banks as major sediment sources with ravines contributing sediment as well
(Belmont et al., 2011; Gran, 2011; Gran et al., 2013).

8
Geospatial data from my mass-wasting study provides vital information for local
governmental evaluation and urban planning incorporating geohazards and sediment
pollution. The remainder of this chapter will detail key attributes of our inventory,
evolutionary history of mass movement classifications, and geographic context for
relevance of a mass wasting inventory study in the MNRV.

1.4 Inventory data collection
Adequate inventories of mass wasting occurrence should provide as much detail
about the individual failures as possible. Data collected should include spatial, temporal,
qualitative, and quantitative attributes where possible (Burns and Madin, 2009). Through
this research, I created a dataset of mass wasting sites within the MNRV. I collected data
such as geologic substrate, slope angle, aspect, failure measurements, and other attributes
specific to each mass wasting failure. I collected and compiled mass movements from
historical archives, remotely sensed data products, and my field observations.
Brief overview of collection methodologies
This section covers the methodologies used in mass wasting investigations; more
detail discussion of methods is provided in the following chapter. A combination of
archival research, field truthing, and remotely sensed data analysis are common in mass
movement inventory studies (Burns and Madin, 2009; Corsini et al., 2009; Guzzetti et al.,
2012; Santangelo et al., 2015; Walstra et al., 2007; Wieczorek et al., 2008). Each
collection method possesses advantages and disadvantages (Brardinoni et al., 2003;
Duman et al., 2005; Galli et al., 2008; Guzzetti et al., 2012; Nacira and Bachir, 2016;
Santangelo et al., 2015). Using one method alone can prove troubling, due to the
inability to provide all the desired data attributes through a single source. A combination
of all collection methods will provide the most comprehensive investigation. However,
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difficulties arise when historical data are limited or poorly documented. Lack of historical
data can be due to several factors including, but not restricted to, low population, lack of
awareness and necessity, imagery, and access to and permission to enter private land (van
Westen et al., 2006).
1.4.1 Archival research
Archival information supplements the reconstruction of past mass movements and
paleoenvironments where hillslope processes, specifically mass movements, play a
dominant role in evolution. Newspapers, journals, photographs, and consultant reports
provide useful temporal information (Figure 1.5) (Harris, 2001). Historical
documentation was limited in the MNRV. In many cases news reports provided
ambiguous locations, leading to uncertainty when trying map failures.

Figure 1.5. Historical document of Nicollet county mass wasting recorded by the County
for archives, showing where mass movements have occurred in a general sense.
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Alternatively, where detailed qualitative descriptions and a general location of the
failure are included in the archival information, it may be possible to pinpoint precisely
where it occurred using remotely sensed data and field checking (Raitz, 2001). Within the
MNRV, historical documentation was rarely detailed enough to pinpoint past events.
Other methods to collect geographic location and attributes proved more reliable.
1.4.2 Remotely sensed data
Mass wasting investigations utilize various remotely sensed data such as aerial
photography, satellite imagery, and laser scans (aerial or terrestrial) (Jaboyedoff et al.,
2012). Use of Digital Elevation Models (DEMs), Digital Terrain Models (DTMs), and
stereoscopic photos, to detect change can be useful where multiple years or imagery
before and after events are available (Baldo et al., 2009). Light Detection and Ranging
(LiDAR) analysis provides vital topographic information necessary for derivative
topographic features such as slope, aspect, and hillshade (Figure 1.6) (Kirschbaum et al.,
2011; Palenzuela et al., 2015).

11

Figure 1.6. Side by side overview comparison of topographic layers used in multiple
applications and analysis. Left: a statewide 30-meter DEM, right: statewide hillshade
layer.
However, not all remotely sensed data products are produced in the same format.
Therefore, to accurately and precisely compare or calculate various attributes from
diverse data sets, data should be formatted uniformly. Geographic Information Systems
(GIS) provide multiple tools to systematically format data into a configuration that allows
for data analysis and comparison (Corsini et al., 2009).
1.4.3 Field work
During field work, characteristics for each mass wasting failure at a specific time
can be distinguished and recorded. While aerial photographs and other remotely sensed
data are useful, they also should be used with a degree of caution, as failure features can
be obscure or lack clarity. Mass wasting failures can be confused with other surface
processes (Varnes, 1984). For example, photographs may mislead visual interpretation in

12
mountainous regions where a glacial cirque resembles a complex slide-flow (Crozier,
1984). Field checking data can help correct or differentiate ambiguous features found in
remotely sensed data (Záruba and Mencl, 1969)(Figure 1.7). Generally speaking, aerial
and remote interpretations are preliminary representations of landscape failures that can
be clarified when checked in the field (Ritchie et al., 1987).

Figure 1.7. This image shows researcher, Melissa Kohout, lower right-hand corner, field
checking data previously interpreted on aerial imagery.

1.5 Attributes Influencing Slope Stability
Hillslope processes are representative of driving and resisting forces working to
maintain a balanced state. When resistive forces are equal to downslope gravitational
forces, hillslopes are said to be in an threshold state (Figure 1.8) (Selby, 1982). Mass
wasting is a result of either reduction in resistive forces or increased driving forces
(Montgomery, 2001).
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Figure 1.8. Simplified schematic illustration of gravitational forces acting on a slope at
any given time.
Disturbance in equilibrium between forces occur by intense shaking, addition of
water, and removal of basal support (Clarke and Burbank, 2010; Iverson and Major,
1987; Legros, 2002). Assessment of multiple variables of hillslopes and the surrounding
landscape help us to understand ongoing hillslope processes. Changes in the condition of
one or more variables are responsible for triggering mass wasting (Margottini et al.,
2013). Moreover, understanding relationships between characteristic influence on
hillslope stability aids interpretations of where and how mass wasting failure occur.
Key influencing attributes collected in my mass wasting investigation included
geographic location and elevation, geologic substrate, topographic setting (slope angle
and aspect), and vegetation coverage (Margottini et al., 2013; Nacira and Bachir, 2016;
Varnes, 1984). In the Midcontinent, tectonic instability does not play a role in failures,
unlike other regions. Therefore, while tectonic impacts are discussed in general, they are
not included in the study of the Minnesota River Valley. Individual attribute influence is
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important for understanding hillslope stability. Although, holistic understanding of
ongoing hillslope processes requires integration of multiple attributes.
1.5.1 Geology
Landscapes with similar formative geologic history may have similar geologic
composition but vary enough to respond differently to physical forces. For example,
glacial till throughout the MNRV has glacial origin, but composition, age, degree of
compaction, weathering, and jointing differs (Lusardi et al., 2011). The clay fraction
within the glacial till impacts cohesive strength and consolidation, and as a result, angleof-repose slope and the type of mass movement that is possible. Thus, a detailed analysis
of the geologic substrate is necessary when interpreting failures.
1.5.2 Topographic Setting
Variations in slope, curvature, and aspect can produce varied environments across
hillslopes. Hillslopes remain stable when resisting forces are stronger than driving forces.
As slope increases so do forces driving instability. Convexities and concavities of
hillslopes curvature impacts water-movement, directing water away or towards another
area on the slope. Aspect has a direct relationship to the amount of solar radiation
received. Slopes oriented to receive more insolation tend to be drier and subsequently,
lack readily available water, to support dense vegetation. Sparse vegetation coverage can
increase hillslope instability in numerous ways. The absence of root networks decrease
tensile strength and decreased tree canopy cover increases rainfall impact and surface
erosion (Mamassis et al., 2012; Montgomery and Dietrich, 1994; Sidle and Ochiai, 2006).
1.5.3 Slope
Stability depends upon physical forces acting within and on the slope. The
maximum stable slope angle is termed the “angle of repose”, and is set for slopes of finite
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length by a combination of the internal friction and the cohesive strength of the material
(Figure 1.9) (Albert et al., 1997; De Blasio, 2011). The angle of repose for granular
material commonly lies between 25 – 45 degrees (Holsapple, 2013).

Figure 1.9. This figure from Albert et al. (1997), shows a) schematic of a two sand piles
of varying size and how that impacts pore-space and b)the configuration of a new particle
added to the pile. The stability of the new particle is directly dependent on the local slope
and grain size.
Where strongly cohesive material is exposed or vegetation provides additional
support, slopes can occupy steeper angles than is typical of an unstable environment
(Ghestem et al., 2011; Stokes et al., 2009). Whether under, at, or over the angle of repose,
extrinsic events such as intense precipitation and seismic shaking can instigate mass
movements. Two examples of disturbances instigating mass wasting are China and the
southwestern United States. The shallow slopes found in the Sichuan province of China
experienced low-angle failures due to shaking induced by earthquakes (Wang et al.,
2013). In Zion National Park, percolation through fractures of the overlying Navajo
Sandstone created a saturated sliding surface of the underlying weak shale layers within
the Springdale formation. Massive sandstone blocks failed, resulting in a large rock
avalanche, damming the Virgin river within the park boundaries (Castleton et al., 2016;
Grater, 1945). This rock avalanche is an example of bedrock failure from percolation
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through fracture systems, resulting in saturation of a weak underlying strata layer. Root
wedging, ice wedging, and differential erosion are also triggers for bedrock mass
movements (Grater, 1945; Jia et al., 2015).
1.5.4 Slope aspect and curvature
Aspect influences how much solar radiation is received on a slope face. Incoming
radiation impacts surface temperature, moisture content, evapotranspiration, and
vegetation coverage (Figure 1.10 and 1.11) (Allen et al., 2006; Gutiérrez-Jurado and
Vivoni, 2012; Tian et al., 2001). A study in New Mexico found denser vegetation
coverage with higher evapotranspiration rates on the wetter, cooler, north-facing slopes,
whereas sparse vegetation with lower evapotranspiration rates occur on the drier, warmer
south facing slopes (Allen et al., 2006). Similarly, curvature impacts slopes by casting
shadows over specific areas, decreasing radiation received and focusing where water
pools or runs off because of the concavities and convexities (Sharma, 2013).
Concentration of moisture on slopes leads to areas of saturation and saturated slopes are
more likely to fail.
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Figure 1.10. Diagram from Gutiérrez-Jurado and Vivoni (2012) showing various paths,
attenuations, and unreached areas solar radiation (short-wave radiation) encounters
between emission and reception on hillslopes.

Figure 1.11. Image taken from Granite Mountain, facing south, shows various aspects of
hillslopes in a mountainous region of Washington. A distinctive vegetative difference can
be seen on the east facing slope versus west facing slope.
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1.5.5 Vegetation
Subaerial interactions
Canopy cover intercepts a fraction of the precipitation, reducing the intensity of
rain splash erosion on the surface (Keim and Skaugset, 2003; Klaassen et al., 1998).
Interception is dependent on the species-specific leaf angle, canopy density, distribution,
and leaf texture (Crockford and Richardson, 1990; Keim et al., 2006; Xiao et al., 2000).
Various studies have tested interception rates against rainfall events in field locations and
experimental set ups. Duration and intensity of precipitation, and differences in species
present comparison difficulties (Crockford and Richardson, 1990; Keim and Skaugset,
2003; Klaassen et al., 1998). Zinke (1967) compared the interception efficiency of
conifers and hardwoods. The interception efficiency for conifers was between 20 and 40
percent, and for hardwoods was 10 and 20 percent, suggesting that conifers more
effectively reduce the impact of precipitation on a slope surface. Both conifers and
hardwoods exist in Minnesota, however, no study has been conducted on the spatial
distribution and density of these specific trees within the MNRV.
Subsurface interactions
Mechanical
Subsurface interactions impact the slope at the same time subaerial influences do.
Difficulties in defining relationships applicable to real-world situations arise from various
issues such as limited land access, inability to view entire root systems, and the diversity
of root structures and their density in situ. Such issues constrain the true understanding of
the wholistic subsurface in system and its interactions (Ghestem et al., 2011; Reubens et
al., 2007). Given an understanding of limitations, research on this topic is still conducted
to increase overall knowledge of the role vegetation plays in slope stability. Prominent
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themes in the research literature are root penetration and anchoring, the impact of roots
on erosion, and the ability of roots to reduce moisture content (Stokes et al., 2009).
Certain root structures are better at providing support at different depths within
the slope. Specific qualities of root structures are more desirable than others for stability
(Figure 1.12). The main mechanical benefit of root networks is increasing tensile
strength. Finer roots increase tensile strength through intricate lateral weaving, and dense
root clusters stabilize hillslopes at shallow depths (Burylo et al., 2012). Instead of
extensive lateral expansion, thick tap roots penetrate deeper, anchoring vegetation to the
slope. The most effective root structure for providing stability is a combination of a thick
tap root and fine root lateral expansion (Reubens et al., 2007).

Figure 1.12. Ghestem et al., (2011) developed this diagram showing five types of root
structures: tuft (a), taproot (b), heart shaped (c), large tap and large lateral with vertical
sinkers, and shallow plate shaped (e) root structures used in investigation for impact on
slope stability.
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The Robinia pseudoacacia; commonly known as black locust, is a species shown
to reduce erosion while adding moderate slope support (Burylo et al., 2012). Black locust
is native to southeastern North America where is was originally used for aiding in erosion
control but are considered invasive to Minnesota. Much of Minnesota has lost its prairie
grassland, therefore, sales of black locust are prohibited in the state of Minnesota because
it outcompetes other tree and prairie grass species (MDA, 2018). However, it is worthy to
note that even where vegetation has been placed for mitigation, the added weight can
contribute to potential failure where the slope is being undermined (Table 1.1) (Tang et
al., 2015).
Types of landslides influenced by the
mechanism
Shallow, rapid
Deep-seated
landslides
landslides
A, adverse influence; B, beneficial influence; m, marginal influence.
Hydrological
Mechanisms
Interception of
mB
mB
rainfall by canopies
Roots act as preferential B or A
B or A
flow
paths
Roots extract water
B or mA
B or mA
from the soil
B
Mechanical Mechanisms B
Roots act as
B
mB
reinforcement fibers
in the soVil matrix
Strong roots tie across mB or mA
mB or mA
planes
of weakness and
anchor soils into the
more stable substrate
The weight of trees
mA
mA
increases the normal
and slope-parallel
force components

Mechanisms affecting
slope stability
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Table 1.1. Assessment of vegetation hydrological and mechanical mechanisms influence
on shallow and deep-seated mass wasting (Ghestrem et al., 2011).
Hydrological
Vegetation depends on subsurface moisture to survive. Root uptake and
evapotranspiration decrease soil moisture. Uptake of moisture reduces pore pressure
exerted by water, subsequently increasing soil suction and enhancing stability (Leung et
al., 2015; Stokes et al., 2009; Watson et al., 1999). Adversely, roots provide alternate
routes for water and increase infiltration rates. Roots penetrating into various slope
materials can result in increased pore spacing between grains, allowing increased water
content (Ghestrem et al., 2011). Furthermore, root wedging of bedrock increases surface
area for weathering to occur by enlarging fracture size, while simultaneously weakening
cohesion. The greater water content leads to increased zones of saturation, pore pressure,
and vulnerability to movement (Newman et al., 2004). Therefore, vegetation presence
can provide detail about the potential subsurface process and moisture availability.
1.5.6 Proximity to Tectonic Activity
Documentation, including magnitude, of tectonic activity along fault systems and
plate boundaries help interpret triggering relationships between tectonics and mass
wasting (Djerbal et al., 2017). Intense shaking from earthquakes alter subsurface porepressure conditions and disturb structural integrity of geologic substrate (Meunier et al.,
2008). One topic of interest is the spatial distribution of failures compared to the
epicenter location, specifically, how hillslopes respond to energy transfer during
earthquakes (Bojadjieva et al., 2018). In Peru in 1970, a magnitude 7.7 earthquake
triggered a rock avalanche, killing thousands of people. The rock avalanche completely
destroyed Yungay’s Plaza de Armas, a village city center in the Peruvian Andes (Figure
1.13) (Cluff, 1971).
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Figure 1.13. Before and after images of the Plaza de Armas, in the village of Yungay
destroyed by the 1970 Nevado Huascaran rock avalanche (Cluff, 1971).
In China, where large areas of loess exist, numerous long-run-out flows occurred
due to regional tectonics. The collapsing behavior of loess sediments, in response to
shaking disturbance and, decreased structural integrity increased destructive power and
runout length of the mass movement (Zhang and Wang, 2007; Zhang and Wang, 1995).
1.5.6 Anthropogenic activity
Expanding human settlement has created a rising concern about mass-movement
hazards. Following settlement and urbanization, modification of the land use and land
cover (LULC), and development of infrastructure, has altered environments and
landscape response to intense precipitation events (Chen and Chang, 2011; Meusburger
and Alewell, 2008). Anthropogenic activities and practices have increased massmovement risk; major human activities modifying mass-wasting risk include
deforestation, poor agricultural practices, and infrastructure development without regard
for the environmental conditions or hazards (Glade, 2003; Mugagga et al., 2012;
Reichenbach et al., 2014).
Changes in land use and land cover modify landscape soil moisture regimes and
directly impact slope stability. Vegetation removal, including deforestation and clear
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cutting, removes the tensile support of root structures, reduces rainfall interception, and
alters rates of evapotranspiration (O'Laughlin, 1974; Pollen-Bankhead et al., 2009; Varela
et al., 2001). Both vegetation removal and conversion to agricultural cropland adjust
infiltration rates, which can potentially increase depth of saturated layers (Beguería,
2006). Extensive and intense agricultural practices contribute to structural integrity loss
and increased runoff and erosion through tile drainage, enhancing failure probability at
the discharge location (Glade, 2003).
Fluvial systems can experience changes in erosional power in response to intense
precipitation events, snow melt, and flood conditions. Increased power within the fluvial
system leads to increased stress on banks and bluffs which eroded and undercut bank
support. Once critical support has been eroded away failure occurs effectively widening
the fluvial channel (e.g. Belmont and Foufoula-Georgiou, 2017; Belmont et al., 2011).
Increased fluvial erosivity threatens homes, buildings, and roads built proximal to
adjusting river systems (Figure 1.14). Construction in areas such as inclined hillslopes
and at the base of unstable slopes predisposes humans to a greater risk of failure
(Bozzano et al., 2011).

24

Figure 1.14. Google Earth Pro aerial imagery of a home located on the Le Sueur River in
south central Minnesota threatened by increased erosivity and mass movements of the
banks between the white line and blue dotted line.
Poor knowledge of environmental instability indicators by planners and engineers
can result in massive damage and repair costs. For example, poor awareness of natural
hazard potential and proper urban planning in Hong Kong led to the destruction of many
buildings and numerous fatalities from mass wasting (Figure 1.15). Thus, in 1974 the
Landslip Preventative Measures Program was established to implement better planning
and prevention practices for hillslope stability analysis. Since then, roughly 153 million
dollars have gone into repairing mitigation structures whose goal is to prevent or reduce
impact of these natural disasters (Choi and Cheung, 2013).
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Figure 1.15. This mass movement occurred in China before the Landslip Preventative
Measures Program was established. It caused millions of dollars in damages and
numerous fatalities (Choi and Cheung, 2013).

1.6 Classification schemes of mass movements
Classification of mass movements has had a long and detailed evolution.
Development of classification schemes started earlier in European literature than
American literature (Sharpe, 1938). Sharpe (1938) compiled a synthesis of the dispersed
published literature into one table for future studies (Table 2.1). Most classification
schemes evolved to represent the material moved and type of movement (Shroder et al.,
2005). Variance in schemes is common due to differences in primary focus of research.
Geomorphologists focus on the process and morphology whereas engineers focus on
geotechnical aspects (Bryant, 1991). Within the last decade, large changes in
classifications have not been made, but fine details and process mechanics are better
outlined (Hungr et al., 2014).
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Table 1.2. This table compiled by Sharpe (1938), was one the first to combine numerous
classification schemes into one proving a fundamental reference for future mass wasting
studies.
A generalized scheme developed by Varnes (1978) designated five types of
movement including falls, topples, slides, flows, and complex. He simplified material
involved as either earth, debris, or rock based on amount and size of fine or coarse
material present in the failed mass. Varnes’ (1978) classification scheme is one of the
most widely used in mass-wasting studies (Table 1.3).
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Type of Movement

Bedrock

Falls
Topples

Rock fall
Rock topple

Type of Material
Predominantly
coarse
Debris fall
Debris topple

Rock Slide

Debris slide

Rotational
Translational
Lateral Spreads
Flows
Complex
Slides

Predominantly fine
Earth fall
Earth topple
Earth slide

Rock spread
Debris spread
Earth spread
Rock flow
Debris flow
Earth flow
Combination of two or more principal types of movement

Table 1.3. This table outlines the popular Varnes mass wasting scheme for categorizing
type and class of mass wasting.
1.6.1 Falls
Falls refer to failures where material falls freely through air with minimal contact
with the surrounding slopes (Figure 1.16) (Hansen, 1984). Collision of the failed material
and impact with the base of the slope can increase the distances and velocities reached by
the failed debris. Increased distance and velocity are due to disintegration of mass and
collision (Varnes, 1978). Rock and debris falls can travel 5 to 20 times the height of the
failure scarp. Long-runout behavior creates added risk to nearby infrastructure and life
since runout pathways are highly unpredictable (Dade and Huppert, 1998).

Figure 1.16. Schematic illustration of a rock fall (Highland and Bobrowsky, 2008).
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A common geomorphic indicator of areas impacted by rock falls are talus cones at
the base of slopes (Varnes and Cruden, 1996). Talus cones are mass amounts of failed
material, typically, forming a cone shape at slope bases. In soil falls, the soil is softer and
less likely to remain intact as block masses during failure, decreasing impact during
deposition (Hungr et al., 2014). Reduction in cohesive strength of soil also shortens runout since the failed mass is pulverized during collision, rather than projected in many
directions.
1.6.2 Topples
Topples are forward tilting of material away from the slope (Figure 1.17) (Varnes,
1978). In areas of barren rock where vertical jointing dominates the strata, weakening
their cohesion, deformation and forward rotation of the separating mass requires much
less force. Once the distance between the intact mass and rotated failure mass is large
enough, gravitational forces overcome the resistive forces and failure occurs (Varnes and
Cruden, 1996). Material fatigue can result from root wedging, ice wedging, or weathering
and erosion in the exposed cracks of the fractured mass (Highland and Bobrowsky,
2008). Initiation and forward rotation between the tilting mass and bedrock face can
happen at a relatively slow pace, whereas the failure itself can be extremely rapid (Hungr
et al., 2014).
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Figure 1.17. Schematic illustration of rock topples (Highland and Bobrowsky, 2008).
1.6.3 Slides
Slides are failures with distinctive shear or rupture surfaces (Hansen, 1984).
Additionally, slides are cohesive blocks of material moving on a well-defined surface
with minimal internal shearing. Two recognized types of slides exist: relatively
undeformed and deformed. Slumps and block slides are two classes of failures that
commonly occur with relatively little to no internal deformation, while rock or debris
slides occur with significant deformation (Varnes, 1958). Furthermore, sliding
transportation is one of two motions: translational or rotational (Figure 1.18).
Translational sliding develops from breaking along or across weakened zones,
generally moving in a down and out motion (Highland and Bobrowsky, 2008). Rotational
sliding has a rupture surface concave upward showing rotation of an axis parallel to the
ground. This rotation creates a backward tilted appearance of the slide mass (Sharpe,
1960). Both rotational and translational slides have been described as moving as a
singular mass or breaking into multiple blocks following initial movement. The initial
failure makes remobilization of secondary slides easier (Varnes and Cruden, 1996).
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Figure 1.18. Schematic illustration of the two failure plane geometries in slide failures.
Left: failure surface is curved causing rotation of the failed mass, right: the planar surface
has translated the failed mass downslope at an angle parallel to the failure plane.
(Highland and Bobrowsky, 2008).
1.6.4 Flows
Flows are failures of material behaving as a viscous mass, dominated by intergranular movement (Figure 1.19) (Hansen, 1984). Such a definition is very broad, and
flows vary in behavior given a combination of factors. While it is very common in the
occurrence of flows, water is not necessarily involved in all cases. Dry, granular or airtransported flows are possible (Varnes, 1958). However, debris flows have come to
encompass many subclasses because of the general similarities in the basic mechanics
(Johnson and Rodine, 1984). It has been noted that as the velocity increases, so does the
size, entraining large boulders and vegetation as well (Lenart, 2016). The path a debris
flow follows is typically pre-existing due to past erosion or drainage systems (Hungr et
al., 2014). Earth flows are distinguished by containing mostly fine-grained material
measuring 2 mm or less in size and are identifiable by the hourglass morphology
extending out from a bowl-shaped source region (Varnes and Cruden, 1996; Novotny,
2013).
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Figure 1.19. Schematic illustration of a debris flow with rainfall. Precipitation is one of
the main triggers for debris flows worldwide (Highland and Bobrowsky, 2008).
1.6.5 Spreads
Spreads are defined as the displacement of large masses of cohesive material
underlain by softer material undergoing deformation (Figure 1.20) (Varnes and Cruden,
1996). The movement originates in the softer layer as it becomes more saturated, creating
a lubricated slip surface. Some spreads expose of the underlying weaker material as a
result of excess pore water pressure forcing it up between overlying cohesive blocks
(Highland and Bobrowsky, 2008). Mobility of spreads varies, but increases with
excessive water content or seismic activity (Sidle and Ochiai, 2006). Additionally,
topography influences potential velocity through steepness or shallowness of a slope.
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Figure 1.20. Schematic illustration of a rock spread with detailed strata information to
better describe how this type of failure may occur (Highland and Bobrowsky, 2008).
Knowledge of mass wasting types and attribute influences guide appropriate
collection of geophysical information for research. Methods for collection of key
information includes compilation of archival records, remote data interpretation and
analysis, and field work to achieve a comprehensive mass wasting investigation (Burns
and Madin, 2009; Schulz, 2005). Modern landscapes reflect evolutionary processes
which have occurred on various temporal and spatial scales. Therefore, knowing the
geomorphic history of the study region is paramount to be successful in geomorphic
evaluations of ongoing hillslope processes.

1.7 Regional geomorphic history of the Minnesota River Valley
The Wisconsin glaciation was extremely influential in forming Minnesota’s
topography (Jennings, 2007). Much of western and south-central Minnesota was covered
by the Des Moines lobe of the Laurentide Ice Sheet (LIS). The lobe extended as far south
as Des Moines, Iowa reaching its maximum extent about 18 thousand calendar years
(kya) before present, where “present” is 1950 (Patterson, 1996). Deglaciation of
Minnesota is estimated between 18-13 kya (Fisher, 2003). Retreat of the Des Moines lobe
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during deglaciation resulted in formation of glacial Lake Agassiz (GLA), glacial Lake
Benson, and Glacial Lake Minnesota (Ojakangas et al., 1982). Forming roughly 14-13.7
kya, GLA remains the largest known proglacial lakes in North America (Teller and
Leverington, 2004; Teller et al., 2002). The Big Stone Moraine (BSM) located at the
southernmost portion of GLA was breached by glacial outburst floods which occurred
between 14-10.3 kya (Ojakangas, 2009; Teller and Leverington, 2004). Episodic outburst
floods drained GLA and carved out the glacial River Warren (GRW) spillway, around
13.7 kya (Fisher, 2004). Final abandonment of glacial discharge through the southern
outlet and GRW occurred somewhere around 10 kya (Jennings, 2007) and it is now
occupied by the Minnesota River.
Prior to GLA outburst floods, multiple smaller advances and retreats of the Des
Moines Lobe deposited various layers of glacial till sediments (Lusardi et al., 2011) and
there is a sequence of older tills preserved beneath till of the Des Moines lobe (Miller et
al., 2011). Till descriptions range from loosely to overly consolidated (Belmont et al.,
2011; Gran et al., 2013). Excavation of up to 70 meters of sediment occurred near
Mankato during glacial outburst floods, though excavation depths vary across the study
area (Gran et al., 2011). This large incisional event exposed extensive glacial till deposits
along the Minnesota River and it’ tributaries (Gran et al., 2013). In addition, bedrock
exposures (i.e. sandstone, granite or gneiss, dolomite, limestone) can be seen in places
within the glacial River Warren valley. Within the study area sandstone and limestone are
exposed along the valley margin and tributary ravines (Figure 1.21 and 1.22). Where such
outcrops exist, talus can be seen at the base of these slopes indicating rock fall failure. In
other locations along the margins and with tributary ravines, easily eroded glacial
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sediments are failing due the intense precipitation events or fluvial undercutting. This
results in mass inputs of sediment into local fluvial systems as well as a widening valley
margin for the MNRV (Jennings, 2007).

Figure 1.21. Various till packages exposed within the MNRV from incisional events and
secondary mass wasting from an adjusting fluvial body.
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Figure 1.22. Exposure of sandstone experiencing rock falls on the Le Sueur River,
Minnesota, USA.
In summary, mass wasting has caused environmental and infrastructure issues
threatening damage to homes and roads. Simultaneously, it has modified the landscape
and contributed significant sediment to the floodplain and river systems (Belmont et al.,
2011; Gran et al., 2013; Kessler et al., 2013). Within the last ten years, mass wasting has
drawn a great deal of attention to the increasing risk associated with failures (Figure
1.23).
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Figure 1.23. Aftermath of a mudslide on the West Bank, Minneapolis, Minnesota, USA,
near the University of Minnesota Hospital in June 2014. The failure threatened oxygen
tanks and power supply (pictured in the upper left corner). Photo credit: Richard TsongTaatarii (Smith, 2014).
Furthermore, recognition of the commonality of mass failures throughout the state
of Minnesota led to a need for research and investigation. As part of the failure
investigation project, I selected the case study area within the MNRV as representative of
regions with (1) unstable steep valley walls and ravines adjusting to base-level fall
following glacial-outburst-flood incision of the mainstem river (Figure 1.24) and (2)
populations facing immediate hazards and environmental concerns due to mass wasting
(Figure 1.25)(Albert et al., 1997; Keim et al., 2006).
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Figure 1.24. Study area from New Ulm to St. Peter, Minnesota, USA, showing urban
populations along the river as well as the high relief in the valley.
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Figure 1.25. This image shows numerous mass wasting deposits encroaching Jefferson
Elementary School, Mankato, Minnesota, USA.
Expanding communities within the study area are facing increased vulnerability to
mass movements in the region where there remains a lack of awareness of mass wasting.
No formal study has investigated how, where, or when failures have occurred in relation
to one another or in relation to their environmental setting in the valley to help the
communities understand the evolving landscape. This research focuses on solving the
shortage of data available for past and present mass wasting within the MNRV and
analyze the at-risk locations. Doing so will greatly improve future infrastructure planning
and mitigation strategies. The following research questions address those objectives:
1) What historical records exist regarding mass wasting failures within the MNRV?
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2) What is the nature of mass wasting processes within the MNRV? What are the
associated characteristics with each process? What is the frequency, magnitude,
and spatial distribution of each process(es) between New Ulm and St. Peter?
3) What do the answers to Questions 1 and 2, tell us about risks to both human
infrastructure and the environment posed by mass movements within the MRV?
4) What do the answers to Questions 1 and 2 tell us about how the MRV has evolved
after the valley-carving catastrophic deglacial floods?
5) Can these data be used to produce predictive maps for mass movement hazard
mitigation strategies for both immediate hazards and longer-term environmental
issues?
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Chapter 2: Hillslope Geomorphology and Mass Wasting
Hazards in the Minnesota River Valley, USA.
2.1 Introduction
Mass wasting processes operating on hillslopes pose risk to social, economic, and
environmental systems in landscapes where they occur worldwide (Abbott, 2002; Badoux
et al., 2016; Bojadjieva et al., 2018; Bryant, 1991; Fort et al., 2010; Gottfried, 2014).
Understanding the spatial distribution and antecedent conditions of slope failure in a
given landscape can allow for the establishment of best management practices to reduce
potential catastrophe in geographies where slope failures are common (Dikau et al., 1996;
Galli et al., 2008; Lan et al., 2004; Margottini et al., 2013a). To address this need,
databases are often compiled and include locational, geomorphological, geological, and
temporal data of mass wasting deposits in a study area of concern (Brardinoni et al.,
2003; Burns and Madin, 2009; Galli et al., 2008; Guzzetti et al., 2012; Nacira and Bachir,
2016; Palenzuela et al., 2015; Van Den Eeckhaut et al., 2009). Such databases are
frequently utilized in urban planning and in the development of mitigation strategies
(Bovolenta et al., 2016; Choi and Cheung, 2013; Claghorn and Werthmann, 2015). In
addition, they are used to analyze sediment loading issues in fluvial systems (Belmont et
al., 2011; Day et al., 2013; Kelly and Belmont, 2018; Larsen and Montgomery, 2012;
Leynaud et al., 2007; Motta et al., 2014; Riedel et al., 2005; Wartman et al., 2016) and to
understand geomorphic processes and landscape evolution (Carrara et al., 2003; Fort et
al., 2010; Gran, 2011; Gran et al., 2013; Korup et al., 2010; Matsushi et al., 2006;
Meusburger and Alewell, 2008; Montgomery, 2001; Mugagga et al., 2012; Tucker and
Hancock, 2010). Existing published databases are predominantly focused on
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mountainous and coastal geographies (Dahal, 2012; Evans and Clague, 1994; Iverson,
2000; Larsen and Torres-S´anchez, 1998; Lenart, 2016; Palmer, 2017; Rosi et al., 2016;
Wartman et al., 2016), where geologic and geomorphologic processes result in high relief
landscapes prone to slope failure.
A paucity of similar mass wasting datasets exists in formerly ice marginal or
glaciated landscapes of the last glacial maximum (LGM) in central North America.
Many of these landscapes, although tectonically quiescent, are actively being dissected
by regional drainage networks still responding to abrupt base level fluctuations driven by
high magnitude discharge flows of glacial meltwater at the end of the LGM (e.g. Gran et
al., 2013; Faulkner et al., 2016). Thus, many major river corridors contain regionally
significant relief and are actively evolving through a suite of poorly understood mass
wasting processes. Actively evolving hillslope systems like these may be best
exemplified by slope failures along major river corridors within Minnesota, USA, over
last decade (Figure 2.1). Here, mass wasting processes have resulted in economic loss,
loss of life and property, and contributed to environmental impairment in regional surface
waters (Badoux et al., 2016; Belmont and Foufoula-Georgiou, 2017; Belmont et al.,
2011; Day et al., 2013; Gottfried, 2014; Gran, 2011; Gran et al., 2013; Guzzetti, 2000;
Igwe, 2015; Kelly and Belmont, 2018; Kessler et al., 2013; Mulla and Sekely, 2009;
Runqiu, 2009; Schottler et al., 2014; Wartman et al., 2016).
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Figure 2.1. Examples of contemporary mass wasting hazards in Minnesota, USA. A)
Lilydale Park, St. Paul, Minnesota, debris fall of May 2013, resulting in two fatalities
(Photo credit: Carrie Jennings); B) Highway 169, near St. Peter, Minnesota, shallow earth
slides and mudflows causing road closures April 17th and 18th, 2019; C) West Bank of
Mississippi River, Minneapolis, Minnesota (June 2014) mud slide threatens wing of
University of Minnesota’s hospital oxygen and power supply (Photo credit: Smith
(2014)); D) Henderson, Minnesota, MNRV, earth flow crashes into and destroys a home
on June 19th, 2014. E) Judson Bottom Road, Mankato, Minnesota, numerous blocks of
Jordan Sandstone from ongoing rock falls (Summer 2019) close the road until further
notice; F) Highway 68, near New Ulm, Minnesota, closed after intense precipitation on
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July 1st, 2018 caused a large earth slide- rotational failure, pushing the deposit across the
highway.

2.2 Mass Wasting in the Minnesota River Valley, USA
The morphology of the Minnesota River valley (MNRV), of south-central
Minnesota (Figure 2.2), reveals an ideal natural laboratory to investigate mass wasting
processes and hazards in a formerly glaciated landscape of central North America. The
modern Minnesota River is an underfit stream in a valley that is ~440 km long, 1-7 km
wide, ~65-70 meter-deep valley and is bounded by steep valley walls (8-51
degrees)(Figure 2.3). The underfit nature of the MNRV and Minnesota River is a direct
result of the deglacial history of this landscape.
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Figure 2.2. This figure shows the maximum extent (~18 kya) of the Laurentide Ice Sheet
(LIS) during Wisconsin glaciation covering much of Minnesota, USA and the location of
the Minnesota River Valley.

Figure 2.3. This figure shows the underfit nature of the modern Minnesota River. The top
image shows the topography of the valley and the current Minnesota River, while the
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bottom image is a photo taken at Ottowa Bluffs (represented by the white star in the top
image) facing south, southwest towards St.Peter, Minnesota (Photo credit: Kira Kuehl).
During the Wisconsin glaciation the Laurentide Ice Sheet’s (LIS) Des Moines
lobe extended across much of Minnesota and into central Iowa (Patterson, 1996). Several
advances and retreats of glacial ice deposited till sediments across Minnesota. Around 60
m thick assemblages of till ranging in age, thickness, and compaction, blanket MNRV
landscape (Gran et al., 2013). As ice retreated from the region, the Big Stone Moraine
(BSM; Figure 2.4), was deposited near the Minnesota-North Dakota-South Dakota
border, approximately 14 kya by the Red River lobe (Lepper et al., 2007). BSM dammed
meltwater from the retreating ice, beginning the formation of glacial Lake Agassiz (GLA)
around 14 kya (Ojakangas et al., 1982). GLA was one of the largest known proglacial
lakes to occur in North America, occupying roughly 1.5 million km2 at its maximum
extent (Teller and Leverington, 2004; Teller et al., 2002). Around 13.4 kya a glacial
outburst flood burst forth from the BSM carving much of the 65-70 m deep and 1-7 m
wide MNRV valley (Gran et al., 2013).
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Figure 2.4. This figure shows the topography of the modern MNRV (left) and a
simplified schematic for Wisconsin glacial activity of the Des Moines Lobe depositing
BSM and damming of GLA (right) modified from Rittenour et al. (2015).
This geologically recent incision carved through Paleozoic bedrock and
Quaternary sediments leaving steep, unstable slopes exposing this bedrock and
unconsolidated sediment. Mass wasting has undoubtedly been ongoing on these slopes
throughout the Holocene and continues today, though little is known about the earlier
processes that occurred here.
Today, slope failures threaten infrastructure, property, and human lives –
especially in and around the major MNRV cities of St. Peter, Mankato, North Mankato,
and New Ulm (Figure 2.1B,E,F;Figure 2.5). Given the large spatial extent of the MNRV
and the immediate mass wasting hazard potential to population centers within the valley,
the remainder of this chapter focuses on mass wasting processes in a representative
section of the MNRV that contains more populated areas (Figure 2.5).
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Figure 2.5. This figure shows the topography of the study area and location for the cities
of New Ulm, Mankato, North Mankato, and St. Peter within the MNRV.
Three objectives for this study area are:
1) To build a comprehensive geodatabase to document the location of mass
wasting failures and descrie their geomorphology throughout the study reach of
the MNRV between New Ulm and St. Peter, Minnesota (Figure 2.5). This study
reach can serve as a representative example for the entire MNRV.
2) Catalogue key variables at each site that have been documented in prior
literature such as slope, geologic material, aspect, direction of movment, area,
volume, failure depth, age of failure, confidence of type, and confidence of
location for mass wasting to help future researchers, emergancy and urban
planners, and property owners understand the processes responsible for generating
hillslope failures in the MNRV.
3) Analyze these key variables to assess statistical relationships between the
variables and documented site of mass wasting to determine any significant
factors resulting failure. This can be used to predict conditions that could result in
future failure within the MNRV.

2.3 Methods:
2.3.1 Geodatabase Structure
A mass wasting geodatabase was compiled for our study area within ArcGIS 10.6.
Within this geodatabase locational data was catalogued at each site identified as a mass
wasting event. Identificaton was done using two approaches – either a field approach or
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from remotely sensed data. At each site identified, key attributes associated with each
mass wasting failure were assessed following the Oregon Department of Gem and
Mineral Industeries (DOGAMI) protocol report by Burns and Madin (2009). This
protocol was specifically chosen due to detailed structure and ability to be modified to the
study area, where approriate. The variables included within this protocol, and
subsequently the geodatabase, allow future researchers to apply the data to a variety of
studies. Key variables include material type (rock, earth, debris), geologic substrate (till,
alluvium, sandstone, etc.), slope angle, headscarp height, direction of failure, aspect of
hillslope, type of mass wasting (slide, topple, fall, flow, complex), class of movement
(combination of earth, debris, or rock with either slide (rotational or translational), topple,
fall, flow, or complex), date of occurrence, and confidence for both classifcation and
location.
2.3.2 Field Data Collection and Interpretation
The inital method of mass wasting site identification and key attribute-data
collection was through field investigation and interpretation during spring, summer, and
fall throughout the study reach over three years. During field investigation, data was
collected and stored through the use of a data dictionary uploaded onto a Trimble Geo7x
Global Navigation Satellite System (GNSS) unit with laser rangefinder attachment.
Points were recorded at each mass wasting site identified using real-time kinematic
(RTK) or uncorrected point locations.. RTK was used where a mobile hot-spot
connection was available, with .5 m horizontal and .14 m vertical accuracy on average.
Uuncorrected data collection was utilized when a hot-spot connection was impossible due
to limited mobile network access. If uncorrected points were used, post-collection data
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processing (differential correction) was conducted using Pathfinder Office software.
Differential correction resulted in .3 m horizontal and .18 m vertical accuracy, on
average.
The laser rangefinder attachment on the GNSS unit allowed us to measure
headscarp height, aspect of hillslope, and direction of failure movement. The headscarp
was measure using a tool called Bering and two-shot height which uses two, laser-shot
points, one at the bottom and one at the top, along with the internal geometry to calculate
a measurement ofheight difference.
Type of movement, class of movement, failed material type, and geologic
substrate were interpreted at each site of mass wasting based on descriptions in literature,
geologic surveys, and field interpretation (Cruden, 1991; Highland and Bobrowsky,
2008; Hungr et al., 2014; Sharpe, 1938; Shroder et al., 2005; Varnes, 1978; Varnes, 1984;
Varnes and Cruden, 1996). Type of movement was determined based on how the mass
moved, either by sliding, falling, flowing, or a combination of movements. For a slide,
the failed mass had to be transported over a planar or curved failure plane; a fall was
designated when gravity caused the slope to fail through free falling motion; flows were
interpreted by the bowl-shaped depression of the source with a narrower run-out followed
by fan-like expansion at the base. When one or more of these types of movements was
evident, the mass wasting site’s type of movement was classified as a combination
(Highland and Bobrowsky, 2008; Varnes, 1978: Varnes, 1984).
Once type of movement was described, class of movement, material type, and
geologic substrate attributes was compiled. Class of movement and material type (rock,
debris, earth) were evaluated by interpretation at the mass wasting site. Morphology of
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the failure plane (planar or curved) was classified at each site by examining the failure
plane for concavity or lack thereof. This distinction helped determining class of
movement when deciding if a slide was rotational (curved) or translational (planar)
(Burns and Madin, 2009). Distinction between earth and debris was based on hand
texture of fine or coarse dominance. Earth material was smaller sized grains,
prominantely fine and smooth, while debris was larger gravel sized, coarse and clastic
grains (Varnes and Cruden, 1996).
Mass wasting classes catalogued include earth slide- rotational (fine, smoothgrained and curved failure plane), earth slide- tranlsational (fine, smooth-grained and
planar failure plane), debris slide- rotational (coarse, clastic-grained and curved failure
plane) , debris slide- translational (coarse, clastic-grained and planar failure plane), debris
fall (coarse, clastic-grained and nearly-vertical failure surface), rock fall (bedrock and
nearly-vertical failure surface),earth flow (fine, smooth-grained with long-runout and fan
deposition), debris flow (coarse, clastic-grained with long-runout and fan deposition), and
complex (a combination of two or more types of movement or same type of movement
with coalescing deposits).
Most of the study area is covered by Des Moines lobe till, although glacial stream
sediment, modern stream sediment, lake sediment, colluvium, and bedrock were present
as well. Stream sediment or alluvium includes more sand and gravel with sorting,
colluvium is typically an unsorted mix of clastic grains, and bedrock was typically Jordan
Sandstone or highly weathered bedrock, including saprolite. Less commonly, exposures
of limestone and dolomite of the Shakopee formation and Oneota Dolomite were mapped
for failure too.
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Any additional information interpreted as important to each site (e.g.
anthropogenic structures on or above the slope, mitigation practices in place, natural
springs or seeps, distinct geologic units and contacts between geologic units, and active
fluvial systems undercutting the base of the slope) to each mass movement site was
documented and described in the comment box of the data dictionary. Distinct
characteristics such as these can help assess risk at a given site and in similar settings
within a study reach (Dai et al., 2002; Margottini et al., 2013b). Awareness of the
necessity of implementing mitigation practices can be increased by documenting where
mass wasting occurs in relation to homes and other infrastructure (Antronico et al., 2013;
Bovolenta et al., 2016; Chen et al., 2015; Choi and Cheung, 2013; Glade, 2003; Iverson
et al., 2015). Simultaneously, sediment flux and transport can be better understood by
denoting where fluvial activity laterally erodes basal support for a slope, instigating
failure (Belmont et al., 2011). Data was uploaded into ArcMap 10.6, following field
collection, to further analyze spatial distribution, attribute statistics, and for digitization of
mass wasting features.
2.3.3 Remotely Sensed Data Collection and Interpretation
The availability of aerial photographs and LiDAR topographic datasets
throughout the study reach allowed for an additional data collection methodology in order
to: 1) cross-check field-based identification, 2) digitize the spatial extent of individual
mass wasting sites and identify mass wasting features (scarp, scarp flanks, and deposits)
at individual sites, and 3) to be exclusively applied for identification of mass wasting
sites when field sites were inaccesible due to saftey or a lack of land owner permission to
access a location of interest.
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LiDAR data at 1-meter resolution was downloaded for the study area from
MnTOPO (http://arcgis.dnr.state.mn.us/maps/mntopo/). A digital elevation model
(DEM), slope raster, and two complimentary hillshades were compiled from the LiDAR
data for remote analysis. Satisfactory DEM resolution used in mapping was based on
point spacing and point density of raw LiDAR data. Point spacing refers to the original
data acquisition where a point is collected at a specific interval. Smaller point spacing
increases point density, allowing for higher resolution DEM production. Although no
efficient and effective methodology exist for determining optimal point spacing, it is
suggested that point spacing should be equivalent or greater than the desired nominal
point spacing (Finn et al., 2015). For the state of Minnesota, a resolution of 1-meter was
sufficient for the target nominal point density of 1.4 meters.
Two hillshades were developed because of shadow casting issues that obscured
view of some sections of the study area. The first hillshade used default settings of
azimuth 315 degrees and altitude 45 degrees, resulting in locations that were obscured on
many steep slopes, but worked well on others. Another hillshade was created using an
azimuth 315 degrees and altitude 55 degrees to visualize the obscured areas (Figure 2.6).
Analysis of LiDAR-derived imagery was conducted at a scale of 1:4000 or larger. A
range of scales were experimented with, but to obtain greatest accuracy it was determined
that large scale approaches were most effective, albeit more time consuming.
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Figure 2.6. Two hillshades were used in combination to better visualize the topography
within our study area and increase remote identification accuracy. A) This hillshade was
created using a default setting of azimuth 315 and altitude 45. B) This hillshade used
settings of azimuth 315 and altitude 55.
At field identified sites, verification of field interpretation was conducted utilizing
the LiDAR derived imagery for two reasons: 1) to obtain a different perspective at each
site to make sure field interpretations agreed with LiDAR expressions, and 2) since only
point locations were collected in the field at each site, to determine the typical expression
of various mass wasting processes in the LiDAR-derived imagery for remote
identification (when necessary) and feature digitization (scarp, scarp flanks, and
deposits).
Mass-wasting sites were distinguished through morphologic and textural
expressions in the imagery. Careful examination of the LiDAR at each point-feature
collected in the field showed similarities in the expressed morphology and depicted
surface texture among the different types of mass movements. Where the LiDAR and
field expression were adequate, scarp, scarp flanks, and deposits were mapped and
digitized at each mass wasting site (Figure 2.7).
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Figure 2.7. This figure shows four LiDAR examples of mapped scarp, scarp and flank,
and deposit features of mass wasting failures in the MNRV.
However, in many instances these features were obscured or not present. In those
cases, the morphological and textural similarities of the types of mass movements
facilitated the categorization of four polygon-feature classes: flow, fall, slide, and fail
zone. Flow mass movements are expressed in the LiDAR as an hourglass morphology
with a depression at the scarp and fan-shape deposit as the base (Figure 2.8). These flows
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do not have large drainages or drainage basins flowing into them and in that way can be
differentiated from alluvial fans.

Figure 2.8. This figure shows the expression of flow movements in LiDAR within the
MNRV.
Falls are most common on LiDAR where steep, near-vertical cliffs are exposed
and often coincide with bedrock outcrops (Figure 2.9).
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Figure 2.9. This figure shows one location of the blocky, near-vertical LiDAR expression
of bedrock slopes where rock falls occur in the MNRV.
Slide mass movements appear as either half-circle depressions or bell-like shapes
(Figure 2.10).
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Figure 2.10. This figure shows both LiDAR expressions of slides in the MNRV; A) halfcircle morphology, in this case the deposit has been removed by anthropogenic activity;
B) Bell-shaped depression of a slide where scarp and flanks are indiscernible on the slope
in a marginal ravine.
Fail zones are a combination of two frequently occurring types of mass wasting in
the MNRV. Fail zones may also be complex wherein multiple types of movements have
occurred at the same location. Additionally, fail zones can represent a zone where
multiple periods of simultaneous cases of mass movements have occurred in close
proximity and failure masses have coalesced making individual failure detection nearly
impossible (Figure 2.11).
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Figure 2.11. This figure shows two types of failzones mapped in the MNRV; A) Complex
movement involving two or more types of movements; B) Complex movement with
coalescing movements obscuring individual mass wasting deposits.

Aerial Imagery
Six decades of aerial imagery (1937, 1950/51, 1964, 1973, 1991, 2006) were
examined to attempt to constrain the timing of identified mass wasting failures and
visually aid with interpretation and digitization of mass wasting sites. Aerial photographs
were gathered from the University of Minnesota’s Historical Aerial Photographs Online
Library (https://www.lib.umn.edu/apps/mhapo/) and Minnesota State University,
Mankato’s university archives digital collection library (https://arch.lib.mnsu.edu/).
Georectification was required to assign proper geographic coordinates to the photographs
before they could be used for mapping (Walstra et al., 2007; Figure 2.12).
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Figure 2.12. This image shows georectified photos for the study area in the MNRV from
New Ulm to St. Peter, Minnesota taken in 1964.
Along with photographs, preprocessed aerial imagery for the years 2003- 2017
from Minnesota IT Services Geospatial Information Office (MnGeo Spatial Commons),
called a Web Map Service (WMS) layer
(http://www.mngeo.state.mn.us/chouse/wms/wms_image_server_arcgis_explorer_instruc
tions.html) were imported into ArcMap. WMS layers already contain accurate geographic
latitudes and longitudes eliminating the need for georectification. The WMS layers and
aerial photographs were used for distinguishing mapping features and geographic
location for mass wasting sites.
A common issue in the study area was aerial photographs were taken during
spring or summer months of April, May, June, and July, during leaf-on season in
Minnesota. During these months, vegetation obscured smaller failure on the imagery.
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The time-lapse photo tool in Google Earth Pro was also used. The imagery within
Google Earth Pro has been assigned proper latitude and longitude data and spans roughly
the last 25 years. Unfortunately, poor resolution of multiple years from 1991- 2004
limited its effectiveness in cross-checking identification of mass wasting failures. Within
the Google Earth pro imagery, evidence of mass wasting was observed, like patches of
bare earth (i.e. a lack of vegetation and soil) on hillslopes and large deposits of colluvium
or talus along the base of slopes. Using aerial photographs from 1937, 1950/51, 1964,
1973, 1991, 2006, WMS layers of the last consecutive 15 years, and Google Earth Pro
imagery of the last 25 years, a range for time of each mass wasting occurrence was
catalogued.
2.3.4 Geologic Material
Geologic material was interpreted at each site identified within the study reach.
Surficial and bedrock geologic data from the Minnesota Geological Survey, from all four
counties in the study area (Blue Earth, Le Sueur, Brown, Nicollet) were downloaded and
compiled into the geodatabase in ArcGIS (Minnesota Geological Survey, 2013). A
spatial join was run between geologic substrate data and mapped mass-wasting sites to
identify what type of geologic material was potentially involved in the failure for those
occurring at a shallower depth. Deep-seated movements require further analysis using a
stratigraphy column to assign proper geology. Results were used to update each
movement’s geologic material attribute in the geodatabase. Additionally, geologic data
was also used to cross-checked with field interpretation of geologic materials.
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2.3.5 Slope, Failure Depth, Volume
Slope angle, failure depth, and volume for each mass wasting failure was
calculated and entered in the geodatabase. Calculations for the geometric parameters of
each mass-wasting site was done to examine slope stability thresholds, depth of failure
for stabilization practices, and sediment transport within the landscape. Complications
occurred when headscarp height could not be attained due to obscurity or inaccessibility.
Headscarp height measurements are necessary to calculate failure depth and volume; if
no headscarp measurement was possible, calculations were limited to slope angle.
Therefore, mass-wasting sites have null values in the geodatabase where failure depth
and volume could not be calculated.
Calculation of slope angle (α), in degrees, is given below (equation 1). During
slope calculations the 3D Analyst tool in ArcMap was used to draw a line parallel to the
failure on an adjacent slope with little to no deformation. The line elevation profile
provided X, Y coordinates to input for the slope equation.
Eq.1 tan

(

(

)

)

=

Headscarp height (Hh) and slope angle (a) were used for failure depth (FD) (equation 2).
Eq. 2 ℎ cos( ) =
Area of deposit polygons and failure depth were then put in the final equation for volume
of failed material (equation 3).
Eq. 3

( )×

=
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2.4 Statistical Analysis of Recorded Attribute Values
The attributes data were statistically analyzed to evaluate potential relationships
between key attributes and the occurrence of different types of mass movements.
Analysis was first conducted on the data collected for all mass movements, then for
specific types of movements.
The key attributes of slope, aspect, area, failure depth, and geologic materials
were the focus of statistical analysis to holistically interpret these attributes. Due to
access limitations and obscurity of some mass wasting site in the investigation, attributes
may be subjective or have a null value. For example, where the boundaries were obscured
and the failure was mapped wholly as a feature class, the area potentially included the
scarp flank and transport plane. Thus, the area may be recorded as larger than the
individual deposit of the mass wasting site. Additionally, geology was grouped into larger
categories based on origin to simplify results. Origin was distinguished by the physical
processes and environment which the sediment was deposited such as glacial (till), fluvial
(alluvium), bedrock, or previously mobilized by gravitational forces (colluvium).
However, detailed descriptions of substrate were kept within the database to preserve the
ability of future investigation regarding mechanical properties associated with geologic
materials. Additionally, where attributes could not be measured (i.e. headscarp height,
volume, and failure depth) there was no ability to run statistical analysis.

2.5 Results of Mass Wasting Mapping and Statistics
The results of the investigation were a map showing spatial distribution of mass
wasting and a detailed geodatabase cataloguing key attributes at each site in the MNRV
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from New Ulm to St. Peter, Minnesota. Field and remote investigation resulted in 545
field-checked failures and over 1,500 mapped mass wasting sites including 916 slides,
133 flows, 113 falls, and 397 fail zones (Figure 2.13). Statistical analysis of key attributes
for all mass failures showed that slope ranged from 8 to 51 degrees. Slope had a mean of
32 degrees with roughly 80 percent falling between 25-45 degrees. Aspect in the study
area ranged from 30 to 330, having 74 percent occur on slopes with an aspect of 80-200
degrees. Due to strong diversity in aspect of hillslopes within the MNRV, average aspect
was not calculated. Area ranged from 10.4 to 421,456 m2 and failure depth ranged from
.8 to 61.1 m with a mean of 4.1 m (Figure 2.14). Geology included all designated
geomorphic groups till, alluvium, colluvium, and sandstone (Figure 2.15).

Figure 2.13. This map shows the spatial distribution among mass wasting types of 545
field-collected failure sites between New Ulm and St. Peter, Minnesota.
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Figure 2.14. Statistical results of attribute analysis for all recorded mass wasting
regarding aspect, slope, area, and failure depth within the MNRV.
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Figure 2.15. Results of geologic material involved in mass wasting broken down by type
to be assess where in the MNRV landscape we are likely to see one type over the other.
Slides
Slides were the most common type of mass movement found within the MNRV
totaling 916. Classes of slides included earth slide- rotational, earth slide- translation,
debris slide- rotational, debris slide- translation (Figure 2.16 and 2.17).
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Figure 2.16. Examples of debris slide- translational (left) and earth slide- translational
(right upper and lower) massing wasting within the MNRV.

Figure 2.17. These images are classic examples of common rotational slides on slopes
composed of Des Moines lobe tills. For size comparison, researcher Jason Millet,
pictured here recording a GNSS point is just under 2 meters tall.
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Slides masses across the study area did not show a cluster pattern. Slope ranged
from 8 to 51 degrees with a mean of 32 degrees. Aspect for slides ranged between 30-325
degrees, with 70 percent occurring on slopes with aspect from 30-180 degrees. Total area
was 14 to 70, 245 m2 with a mean of 541 m2. Failure depth of was found to be between 162 m with a mean of 4 m. Nearly 747 of the mapped slides occurred in till, 79 in
colluvium, and 90 in alluvium (Figure 2.18).

Figure 2.18 Results following statistical analysis slide attributes at displaying
associations between slide failures and threshold conditions within the MNRV.

Flow
The 133 mapped flows within the MNRV were either mudflows, earthflows, or
debris flows (Figure 2.19). Slope for flows ranged between 14-38 degrees with a mean of
23 degrees. Aspects were 50-320 degrees with 53 percent between 0-180 degrees and 47
percent between 181-360 degrees. Total area was anywhere from 24-5243 m2 with a
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mean of 687 m2. Failure depth ranged from 2-9 m with a mean 4.6 m. Geology for flows
were broken into 103 in till, 11 in colluvium, and 19 in alluvium (Figure 2.20).

Figure 2.19. These images of field collected flows demonstrate two things, 1) in the
MNRV flows occur when the material has become saturated and 2) have longer runouts
unless impeded by barriers or fluvial bodies because of the excess moisture.
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Figure 2.20 Statistical result of flow attribute analysis within the MNRV.
Fall
There are many bedrock exposures throughout the MNRV, all of which display
talus piles at the slope base (Figure 2.21). Due to the ambiguity of singular falls, large
stretches of the study area were mapped rather than individual failures. This mapping

70
style resulted in only 57 fall features being mapped. Additionally, a few topples were
observed within the valley, however, due to similar failure mechanics, I chose to group
them into falls. Slope for falls were between 7-51 degrees with a mean of 37 degrees.
Aspects were ranging from 81-300 degrees, with 75 percent between 17-180 degrees. Fall
areas were anywhere from 47 to 421,456 m2 and the mean 9659 m2 (Figure 2.22). Fail
depth was not computed for falls due to inability to measure headscarp height and
volume. Geology was primarily Jordan Sandstone, common in the study area, with a few
exceptions of saprolite and clay-rich till.

Figure 2.21. Pictured on the left and upper right are rockfalls in saprolite and its’ parent
bedrock Jordan Sandstone. The lower right is Minneopa State Park, Minnesota, where
rock falls pose an extra threat due to the number of visitors they have throughout the
year.
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Figure 2.22 Results of statistical analysis for falls within the MNRV.

Fail zone
Fail zones, also known as complex movements, are the second most common type
of mass wasting in the MNRV with 282 recorded failures (Figure 2.23). Within fail zones
slopes were from 7-48 degrees with a mean of 32 degrees. Aspect fell between 50 and
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299 degrees, although aspect varied within fail zones themselves making any potential
relationship difficult to assess.

Figure 2.23. The three images shown here all complex, yet all are distinctly different
from each other. The left image is an earth slide- rotational failure at the upper slope with
flow behavior following initial movement. The upper right has earth slide-rotational
failures and topples. The lower right shows a complex movement with anthropogenic
infrastructure in place attempting to reduce debris onto the road.
Various tributaries ravines and marginal ravines experience failure on both sides
over large spatial extents with areas ranging from 42-610,956 m2. Due to the inability to
safely and accurately measure headscarp height in the 195 movements failure depth was
only calculated for 87 of the movements. Those fail depths that could be calculated which
were calculated ranged from 1-35 m with an average of 4.3 m. Complex movements in
till totaled 207, 27 in colluvium, and 28 in alluvium (Figure 2.24).
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Figure 2.24. Complex statistical analysis was extremely limited for running statistics in
the MNRV due to the amalgamation of failed material and obscurity of mapped features
hindering quantitative data.

2.6 Discussion
Within the MNRV prominence of failures across the entire spatial extent of the
study area is obvious (Figure 2.13). Recorded mass wasting is not restricted to any one
area and can be found along the valley walls and within marginal and tributary ravines.
High variability within the type and class of mass wasting is related to many factors
within the MNRV. A large part in understanding what and how material is failing in the
MNRV is familiarity with the valley’s the glacial history. Numerous stages of advance
and retreat of the Des Moines lobe, during the Wisconsin glaciation and deposited thick
glacial till across the study area. Prior glaciations deposited similar tills (Miller et al.,
2011) Subsequently, glacial outburst floods from glacial Lake Agassiz resulted in
incision across the landscape. GRW was the most influential flooding event in southern
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Minnesota resulting in the deep excavation of the MNRV. Mass wasting was sure to have
occurred following GRW due to reduced fluvial pressure against slopes during waning
flow, however, uncertainty remains in identification of such failures. Mass wasting has
since become geomorphically dominant throughout this valley post-glaciation.
It is apparent that many of the failures recorded during investigation occur in the
thick Des Moines lobe and similar, older tills blanketing the MNRV. The deep incision
created by GRW left many of the exposed tills in an unstable condition. Steep relief
within the valley acted as a catalyst for mass wasting as hillslopes work to regain stability
and those slopes continue to fail today. Many of the complex movements occurred before
1937, the earliest imagery available, and as such were likely directly related to landscape
response following incision. However, additional triggers within the valley have become
apparent in influencing the frequency and location of mass wasting.
For example, human infrastructure has changed the moisture regime in the area
increasing runoff in focused areas, most commonly into ravines. Complex movements
were often found, but not always, within ravines where human activity was evident
including farming, housing developments, or roads which furthered failure by
reactivating deposits or removing deposits and exposing slopes to further failure. Road
networks adjacent to valley walls have experienced multiple closures within the MNRV
due to failures. The recent documented failures have occurred after intense precipitation
events, clearly demonstrating precipitation as a trigger in the MNRV. Highway 169 has
experienced multiple slides and flows over the last ten years due to intense precipitation
or late snow melt followed by rain. The latter was responsible for the most recent failures
during April 2019 spanning from Mankato to St. Peter. Highway 68 failure, near New
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Ulm, in July of 2018 was a large earth slide- rotational movement with secondary flows
occurring near its boundaries. Rainfall in the amount of 5-6 inches fell the week before
the failure occurred priming the slope, the morning of July 1st 2.54 inches fell before
early afternoon. This short, intense rainfall triggered the slope to fail closing the highway
for multiple days due to the excessive amount of earth is brought down and across the
highway.
Slides and flows have been happening along Highway 169 for years, with little
study to understand why until recently. However, earth and debris flows can be seen
throughout the valley, not just along Highway 169. Some flows occurred near the head of
smaller offshoot ravines where focused overland flow was directed. During field
investigation it was observed many flows were saturated due to a seep discharge from the
upper slope. My interpretation of flows is that the majority of those occurring in tills are
completely saturated, overwhelming infiltration capacity and therefore stemmed from
increased pore-pressure. Once initiation of movement begins pore-pressure changes
create a muddy slurry that flows downslope depositing until water has filtered through
the base ending the movement. For those occurring in the alluvium or colluvium, I
believe it to be a process of infiltration sieving the finer material down and out through
the base of the slope thereby undermining the coarser material leading to shallow
collapsing flows.
Along with tills, exposure of Paleozoic bedrock occurred during incision of the
MNRV. The Cambrian Jordan Sandstone is the primary formation involved in the most
rock falls in the area occupying some of the steepest slope angles within the study area.
Fracture systems within the bedrock experience root wedging from overlying vegetation
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and ice wedging during winter months. The pressure exerted by these processes fatigue
the sandstone cohesion leading to rock falls. In other locations such as along Judson
Bottom Road, seeps discharging from the slope eroded the material effectively removing
basal support. After removal of support cantilevered blocks experience increased tension
due to gravity and eventually fail. Failed blocks can range in size from a cobble to carsized boulders posing severe risks to those traveling this road. Saprolite developed in the
Jordan Sandstone crops out in various location such as Thompson Ravine and Timberlane
Road. This clay-rich weathered rock material fails through falling, accumulating talus
piles that are fine and powdery rather than clastic.

2.7 Conclusions
The MNRV is a geologically young landscape adjusting to glacial outburst floods,
primarily GRW. Deep incision of up to 70 meters created high relief slopes and followed
by tributary incision. The high relief slopes are unstable and have since experienced
many mass movements. Failure has continued regardless of the current river being
underfit in the valley. This suggests additional triggering factors are now acting upon
hillslopes and cannot singularly be placed upon fluvial erosion. Additional factors within
the MNRV such as human infrastructure, agricultural farming, seep discharge and intense
precipitation events related to climate change are impacting the occurrence of mass
movements.
Although outside the scope of this investigation, climate changes are bound to
impact the occurrence of mass wasting in the study area. Climate regimes for southwest
and south-central Minnesota are trending towards warmer and wetter conditions (Millett
et al., 2009). Increasing precipitation trends heighten the likelihood of slopes achieving
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an antecedent moisture condition prior to movement faster than in the past. Based on a
brief examination of 100 years of precipitation from local rain gauges at three locations
(Mankato, St. Peter, New Ulm) precipitation events are increasing in frequency as well as
intensity. Though this initial analysis agrees with Millet’s (2009) study, further analysis is
necessary to understand impact on the study area in detail.
Geologic substrate, aspect, and slope seem to be the dominating attributes
influencing the type and class of movement of mapped failures. The two predominant
geologies failing are glacial tills and Jordan Sandstone. However, glacial tills are highly
variable in their composition and compaction which can explain the variability in the
class of movements we see such as earth slide-rotational, earth slide- translational, debris
slide-rotational, debris slide- translational, mudflows, earth flows, and debris flows.
Jordan Sandstone falls are more straight forward failing where weaknesses and joints are
undermined by seeps.
The aspect range most impacted by mass movements is between 0-180 degrees.
However, mass movements do occur on almost all aspects just with less prominence of
those exceeding 180. The MNRV is in the northern hemisphere where north to north-east
facing slopes are wetter and cooler. This increased moisture retention leaves slopes
within the aspect range of 0-180 degrees more prone to failure. The more southerly and
eastern facing slopes retain slightly more moisture than those facing south and southwest. This is due to solar radiation being more intense in the late morning and early
afternoon when it is intensified on south and south western facing slopes.
In accordance with many other mass movement investigations, slope was a crucial
variable in understanding thresholds for failure. The overall range of slope within the
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study was 8-51 degrees, with most types of movements having a mean between 23-37
degrees. The typical angle of repose for granular material lies between 25-45 degrees
which agrees well with the analysis of the data collected. Mass movements occurring on
slopes outside the range of 25-45 degrees were either highly saturated, being eroded by
fluvial activity, or bedrock.
It is important to assess what relationships exist within the data to better
understand this transient landscape. Although I was able to run some statistics on
attributes, further analysis is necessary to examine influences which were out of the scope
of my study. A key influence in when mass wasting occurs in the MNRV is intense
precipitation or closely dated milder events. The pore-pressure changes from these events
have trigger failures over a large spatial extent. However, limited time and resources did
not allow for direct relationship analysis, which opens the door for future researchers to
investigate.
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Chapter 3: Conclusions
Mass movements within the MNRV initiated following glacial River Warren
incision. This high magnitude flooding event carved steep topography and the onset of
subsequent incision of tributary rivers such as the Le Sueur, Blue Earth, and Cottonwood
Rivers through a thick glacial till sequence and Paleozoic bedrock. Following post-glacial
valley-carving floods mass movements has become geomorphologically prominent in the
evolution of valley morphology. Various processes happening across the study area play
into the variability of the types and class of mass movements found in the MNRV. Slides,
falls, flows, and complex movements are all found within the valley.
Slides, totaling 916, predominantly occur in glacial tills with an average slope of
32 degrees on north eastern to south eastern facing slopes. Classes of mapped slides
included earth slide- rotational, earth slide-translational, debris slide- rotational, and
debris slide- translation. Processes of intense precipitation, snowmelt, and fluvial erosion
are responsible for the various classes recorded. Infiltration of water by either
precipitation or snowmelt into the subsurface increases pore-pressure forcing grains apart
instigating a slide motion along a surface. Where the failure plane was curved the
movement was catalogued as rotational and when the failure plane was planar it was
catalogued as translational. For translational slides it was noted that the failure plane was
a hard clay layer. This layer was highly impermeable creating lubrication between the
overlying saturated mass and underlying clay-rich layer instigating sliding.
Mapped rock falls totaled 113, though the number of mapped falls was not large,
the areas included large extents of the study area. Cambrian aged Jordan Sandstone is the
key rock formation resulting in rock falls and is found on both sides of the valley. Slope
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for rock falls can be as steep as 51 degrees, although the average is 47 degrees for the
MNRV. The sandstone in the study area has multiple joints fatigued by ice and root
wedging throughout the year. Seeps also filter through the sandstone erode the lower
slope creating overhangs. The cantilevered blocks face increased tension from the
removal of basal support and eventually collapse under gravitational force. Saprolite
formed in the highly weather Jordan Sandstone retains structural properties of bedrock
and fails by collapse and falling. Comparing the two materials, saprolite talus piles are
fine and powdery whereas Jordan Sandstone remains blocky. Failed blocks from rock
falls can range from cobble- to car-sized.
A combination of 133 mud, earth, and debris flows were mapped. Flows had a
lower average slope of 23 degrees and were highly saturated when observed in the field.
Often a seep or focused overland flow was contributing moisture to the area. Other times
intense precipitation triggered the initial flow and as it moved downslope it entrained
more material. Some flows may look like a fan deposit on the LiDAR DEM, however
there is no drainage area above these areas, a necessary feature for alluvial fan formation.
Complex movements were difficult to accurately assess in the MNRV due to size
of the failure and safety concerns. However, remotely sensed data was utilized in
collecting desired attributes where possible. Complex movements are a combination of
two or more mass movement types or a culmination of the same type of movement.
These types of movements impeded the ability to accurately assess size and failure depth.
Triggers for complex movements, like slides, can be intense precipitation, snowmelt, and
fluvial erosion.
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An important part of building any comprehensive database of mass movements is
collecting data about any past recorded failures through archival research. In the case of
the MNRV, public archives of historical events were extremely limited. Alternatively,
local governments, public works, Minnesota Department of Transportation, and historical
aerial imagery were utilized to collect data. Contact with such agencies did provide
information about previous failures, however, not all desired attributes were included in
the documentation. Those attributes missing were then compiled through field checking
or remotely sensed data.
Based on the data collected during mass movement investigation in the MNRV
from New Ulm to St. Peter it is evident that mass failures pose various risk to human
infrastructure and environmental concerns. However, the previous lack of comprehensive
spatial and characteristic data available has hindered assessment of associated risk. This
was problematic since most slopes evaluated in the study area showed some type of
failure. My collected data now provides details about spatial distribution and
characteristics of each mass movement to better assess the associated risks.
Knowing the range of attributes involved in mass movements can narrow studies
for investigation during geotechnical investigation of hillslope stability. The resultant
map also provides visualization of the spatial distribution of mass movements between
New Ulm and St. Peter. The ability to see how the landscape is responding to climatic
change and land use can be particularly useful to urban planners particularly in developed
versus undeveloped areas. There are several movements in the database which are located
adjacent to infrastructure such as housing developments, road networks, and park trails.
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These pose immediate threats to the local populations and should be addressed with
urgency.
I believe the data collected and stored in the database can be used for many
purposes including producing susceptibility maps targeting hazard mitigation, to not only
address immediate concerns but also long-term environmental issues. Particularly,
engineers and geomorphologists can understand antecedent conditions leading to failures.
Attribute details stored in the database can also be used to examine what type and how
much material is being moved across the landscape and into fluvial systems. Various
geologic substrates pose different issues some of the more important being infiltration
rate, material strength, and ease of transportation. These characteristics influence how
often slopes fail and how difficult is it to remobilize the deposit. Ease of transport is
important when addressing environmental concerns about sediment contribution to
fluvial bodies. Within the MNRV, sediment added to the Minnesota River has been
traced to the Gulf of Mexico. Although near-channel bluffs and banks have been
identified as sources of sediment this investigation, shows sediment is travelling from
farther sources than originally thought. It is not unlikely that the tills, colluvium, and
alluvium failing in marginal ravines is being carried to the Minnesota River during
intense precipitation events increasing fluvial transport potential and subsequently ability
to move deposit masses further.
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Appendices
Appendix A. Mass Wasting Geodatabase
*Geodatabase link forthcoming

